Migration of cells toward chemical cues, or chemotaxis, is important for many biologic processes such as immune defense, wound healing and cancer metastasis. Although chemotaxis is thought to occur in cancer cells, it is less well characterized than chemotaxis of professional immune cells such as neutrophils. Here, we show that cancer cell chemotaxis relies on secretion of exosome-type extracellular vesicles. Migration of fibrosarcoma cells toward a gradient of exosome-depleted serum was diminished by knockdown of the exosome secretion regulator Rab27a. Rescue experiments in which chemotaxis chambers were coated with purified extracellular vesicles demonstrate that exosomes but not microvesicles affect both speed and directionality of migrating cells. Chamber coating with purified fibronectin and fibronectin-depleted exosomes demonstrates that the exosome cargo fibronectin promotes cell speed but cannot account for the role of exosomes in promoting directionality of fibrosarcoma cell movement during chemotaxis. These experiments indicate that exosomes contain multiple motility-promoting cargoes that contribute to different aspects of cell motility.
Introduction
Exosomes are small extracellular vesicles that are secreted from late endosomal multivesicular endosomes. Exosome secretion was originally reported to occur in specialized cell types such as dendritic cells and reticulocytes. [1] [2] [3] However, recent reports indicate that exosomes are secreted from virtually all cell types, including normal and cancer cells, and play an important role in autocrine and paracrine communication. 4, 5 Exosomes deliver bioactive cargos, including proteins, RNAs and lipids. 4 In cancer, exosomes have been shown to influence many tumor properties, including growth, angiogenesis, invasion, and metastasis. [6] [7] [8] [9] [10] [11] Additional extracellular vesicles (EVs), known as microvesicles (MVs), are shed from the surface of cells and also have been implicated in numerous biologic phenotypes, including embryonic stem cell communication, oncogenic transformation, and inflammation. [12] [13] [14] [15] A major function of exosomes appears to be promotion of cell motility. 6, 10, [16] [17] [18] Thus, exosomes have been shown to promote cell protrusion formation, 16 adhesion, 6, 19 and cell polarity. 20 In neutrophils, autocrine generation of bioactive lipids on exosomes enhances motility toward the chemoattractant N-formyL-MethionyL-LeucyL-Phenylalanine (fMLP). 21 In a previous report, 6 we showed that inhibition of exosome secretion by knockdown of Rab27a, Synaptotagmin7 or Hrs in cancer cells inhibits in vivo metastasis and motility of cancer cells in a chick embryo model system. In this model, exosome secretion controlled both cell speed and directionality; however the directional cues were unclear. Using in vitro random motility assays, we showed that extracellular matrix carried by exosomes enhances adhesion assembly and is critical for cell speed. Our in vitro motility experiments did not reveal a defect in directional persistence of exosome secretion-inhibited cells; however there was no directional cue in those assays.
Chemotaxis is one type of directional cell locomotion, in which cells migrate toward a chemical stimulus. Activation of receptors, such as G protein-coupled chemokine receptors, mediates directed cell migration toward chemotactic cues. 22, 23 Chemotaxis of cancer cells is thought to promote cancer metastasis. [24] [25] [26] [27] [28] For example, melanoma cells are directed out from tumors toward a higher level of a chemoattractant, lysophosphatidic acid, to intravasate into local blood vessels. 26 Another example is metastasis of breast cancer cells to the lung, driven by SDF-1 and its receptor CXC chemokine receptor 4 (CXCR4). [27] [28] [29] Recently, exosome secretion was shown to enhance chemotaxis of neutrophils and macrophages. 21, 30, 31 However, the role of exosome secretion in cancer cell chemotaxis is unknown.
Here, we explore the role of exosomes in cancer cell chemotaxis. Using exosome-depleted serum as a chemoattractant, we find that HT1080 fibrosarcoma cells inhibited for exosome secretion have a defect in directional migration up a chemical gradient. Using a rescue approach, in which chemotaxis chambers are coated with purified exosomes, MVs, or fibronectin (FN), we find that FN carried by exosomes promotes cell speed but cannot account for the role of exosomes in promoting directional movement toward chemoattractant.
Results and discussion
To test whether exosome secretion affects cancer cell response to a chemoattractant gradient, we seeded control and Rab27a-knockdown (KD1, KD2) HT1080 fibrosarcoma cells in commercial chemotaxis chambers (ibidi), which generate stable gradients through diffusion. 32 After 5 h of adhesion, cells were given a gradient of 20-0% exosome-depleted serum and allowed to migrate for 12 h. Analysis of the time-lapse movies demonstrated that control cells migrated directionally toward the gradient (Fig. 1A) . In contrast, Rab27a-KD cells had defects in both overall speed (Fig. 1A and B, no coating condition) and in directional cell movement (Fig. 1A , C, and D, no coating). Note that due to the defect in cell speed, most Rab27a-KD cell tracks in the Wind-Rose representation are overlapping in the low power view (Fig. 1A) . Zooms of the central portion of each Wind- Figure 1 . Exosome secretion promotes directional cell movement during chemotaxis. (A) Wind-Rose plots of cell tracks from scrambled shRNA control (Sc) and Rab27a-KD (R27a-KD) cells migrating in the chemotaxis chambers in the presence or absence of coated microvesicles (MV 50 mg/ml) or density gradient-purified exosomes (Exo 50 mg/ml and 10 mg/ml). Rose plot show that most KD cell tracks are not directed in any direction while there is a skew in the control cell tracks toward the gradient (Fig. 1A, zooms) . Forward migration index (FMI) and parallel distance specifically quantitate the movement of cells toward a chemoattractant (see Methods for details) and confirm the defect in Rab27a-KD cells in chemotaxis ( Fig. 1C and D) .
We previously found that coating tissue culture dishes with either fibronectin or purified exosomes could rescue the speed defects of Rab27a-or Hrs-KD cells in random motility. 6 We further found that fibronectin carried by exosomes promotes cell adhesion, explaining the speed defect of exosome secretion-inhibited cells. 6 To explore the role of EVs and their cargoes in cancer cell chemotaxis, we performed a similar approach. Exosomes were isolated from the conditioned media of HT1080 fibrosarcoma cells by serial centrifugation (ultracentrifuged exosomes, UC-Exo). We then further purified UC-Exo by sedimentation into a density gradient of Optiprep (DG-Exo) as described previously. 6 Consistent with our previous publication, 6 Western blot analysis revealed that FN is carried by HT1080 UCExo as well as DG-Exo but not on MV ( Fig. 2A) . FN was found in 3 density gradient fractions: Fractions 7, 9 and 10. Fraction 7 included the exosomal markers CD63 and TSG101, along with FN-binding receptor subunit, integrin a5. Conversely, Fractions 9 and 10 are more dense than fraction 7 and did not contain exosome markers suggesting that the FN in those fractions is in a fibrillar and/or aggregated form not associated with exosomes. Nanoparticle tracking analysis of DG-Exo Fraction 7 showed the expected size distribution for exosomes with a peak diameter of 116 nm (Fig. 2B ). Fraction 7 was used for all exosome-related assays. Likewise, MVs showed the expected larger size distribution, with multiple peak diameters of 158 nm, 218 nm and 395 nm.
To measure what proportion of the vesicle preparations is adherent under our experimental conditions, we counted MV and exosome number before and after coating 96 well plates using nanoparticle tracking analysis. The data indicate that approximately 80% of vesicles adhere to tissue culture-treated surfaces for both MV and exosomes (Fig. 2C) . Pre-coating of the chemotaxis chamber migration surface with 50 mg/ml MV did not affect any aspect of migration except for FMI of control cells, which was slightly increased (Fig. 1A-D ). By contrast, coating the chemotaxis chambers with 50 mg/ml exosomes fully rescued the speed defects of Rab27a-KD cells as well as slightly increasing the speed of control cells (Fig. 1B , Exosome 50 mg/ml). Interestingly, the exosome coating not only did not rescue directional movement defects of Rab27a-KD cells but also abolished chemotaxis of control cells (Fig. 1A , Exo coating 50 mg/ ml). Thus, in this condition both control and Rab27-KD cells had FMI and parallel distance measurements near zero, indicating no bias toward the chemoattractant ( Fig. 1C and D, Exosome 50 mg/ml). Since the exosomes were coated uniformly across the chamber, these data suggest that exosomes carry a component that enhances directional movement and can redirect cells in a chemical gradient when presented in a non-polarized manner.
To determine whether the high concentration of exosomes were saturating the surface and affecting the Figure 2 . Characterization of extracellular vesicle preparations. Exosomes and MV were isolated from conditioned media (CM) using ultracentrifugation (UC-Exo). Exosomes were further purified using density gradient centrifugation. (A) Western blot analysis of the fractions (Density gradient fractions 1-12) for exosome markers CD63 and TSG101 identified Fraction 7 as the major peak containing exosomes. Both FN and its receptor a5 integrin were present in the Fraction 7 exosome peak. FN was also present separate from exosome markers in cellular response, we also tested a lower concentration of exosomes (10 mg/ml). This concentration slightly increased the speed of control cells and mostly rescued the speed defects of Rab27a-KD cells (Fig. 1B , Exosome 10 mg/ml). Similar to the 50 mg/ml exosome coating, 10 mg/ml exosome coating decreased both FMI and parallel distance of control cells compared with no coating, although to a lesser extent. However, the 10 mg/ml exosome coating also slightly enhanced the ability of Rab27a-KD cells to undergo chemotaxis, increasing the FMI and parallel distance measurements up to those of control values (Fig. 1A , C, and D, Exosome 10 mg/ml). Thus for both coating concentrations, exosomes increase the cell speed of KD cells and equalize the response of control and KD cells to chemoattractant; however, the 10 mg/ml concentration reduces the chemotaxis of control cells while increasing the chemotaxis of KD cells compared with the no coating condition. The respective decrease and increase of Rab27a-KD1 and -KD2 cell FMI on 50 mg/ml and 10 mg/ml exosome coatings compared with KD cell FMI on the no coating control was statistically significant (Fig. 1C and D, indicated by # symbols underneath the plots). These data suggest that exosomes carry a cargo that promotes cell directionality when secreted but when presented in a uniform manner (e.g. coating) can abolish the ability of cells to move directionally. We previously showed that FN is a critical exosome cargo that controls the speed of HT1080 cells and is specifically targeted to exosomes by binding to integrins. 6 To confirm that FN is located on the exosome surface as would be expected, we used a dot blot assay that can distinguish EV surface proteins from lumen proteins based on permeabilization of EVs in 0.1% Tween-20. 33, 34 The tetraspanin CD63 was used as a positive control, as it is a well-characterized exosomal surface protein. Using an antibody to the large extracellular loop, CD63 was detected in both detergent-free and -containing conditions (Fig. 3A) . Similarly, FN was detected in detergentfree as well as detergent-containing conditions indicating that FN is bound on the exosome surface (Fig. 3A) . Likewise, the integrin a5 cytoplasmic tail was detected in detergent-containing but not in detergent-free conditions, indicating that a5 has the expected topology in exosomes with the cytoplasmic tail located in the exosomal lumen and the extracellular domain should be available to bind FN (Fig. 3A) .
To test whether FN as an exosome cargo could affect directional migration, FN was depleted from exosomes by culturing cells in FN-depleted media for 10 d and collecting exosomes (Fig. 3B) , as in our previous publication. 6 We then tested whether these exosomes could rescue speed and/or chemotaxis. Unlike on regular exosome coating, the migration speed of control cells on FN-depleted exosome coating was slightly decreased for both the high and low concentrations (Fig. 3D , FNdepExo 50 mg/ml and 10 mg/ml). Consistent with our finding that FN carried by exosomes promotes cell speed, there was no rescue of the migration speed defects of Rab27a-KD cells. Similar to the control exosome coating condition (Fig. 1) , FN-depleted exosome coating diminished directional migration of control cells toward the chemoattractant, although at the 50 mg/ml concentration this effect was not as robust as the inhibition by control exosomes. (Fig. 3E and F: FNdepExo 50 mg/ml and 10 mg/ml, compare with Exosome coating in Fig. 1C and  D) . In the presence of FN-depleted exosome coating, KD cell chemotaxis overall remained dampened and similar to control cell chemotaxis (Fig. 3E, F) . These data suggest that the presence or absence of FN in exosomes primarily affects cell speed and not directionality.
To further test whether FN could affect directionality in a chemoattractant gradient, we performed chemotaxis assays in chambers coated uniformly with a high concentration of FN (100 mg/ml). As expected, this coating rescued the speed defects of Rab27a-KD cells; however, it did not rescue their chemotaxis defects (Fig. 3C-F, FN coating 100 mg/ml). In addition, control cells seeded in FN-coated chambers continued to recognize and migrate toward the chemotactic gradient (Fig. 3C, FN coating 100 mg/ml), suggesting that FN is unlikely to be the exosome component that abolishes chemotaxis (Fig. 1) . Altogether, these data indicate that exosome secretion critically contributes to both speed and directionality of migration. Whereas FN is a critical cargo for adhesion formation 6 and overall cell speed, another component or multiple components must primarily mediate the directional response.
The number of studies on exosomes and MVs has rapidly increased over the past decade. However, although several reports have reported molecular mechanisms of biogenesis, cargo sorting, and secretion of exosomes, 34 -39 the molecular mechanisms by which exosomes regulate cell behaviors are still largely unknown. Our previous study showed that exosome secretion promotes speed, directionality and persistence of cancer cell migration in vivo. However, in vitro experiments without directional cues were only useful for investigating the role of exosomes in promoting cell speed. 6 In this study, we found that Rab27a-KD cancer cells have a defect in chemotaxis toward a gradient of exosome-depleted serum. Furthermore, we found that a uniform coating of the chamber surface with exosomes, but not MVs or FN, counteracts control cell chemotaxis. These data suggest that local autocrine exosome secretion contributes to the chemotactic response and that exosomes contain directional cues. Cellular detection of any local exosome concentration differences is likely prevented by the presence of a high uniform concentration of exosomes.
Exosomes contain numerous cargoes including growth factors, chemokines, ECM proteins, receptors, and proteases, which could impact diverse aspects of cell motility. 6, 9, 10, 16, 18 We previously demonstrated that FN, as an exosome cargo, promotes HT1080 cell speed. 6 In this report, we confirmed that finding and further observed that FN does not appear to play a major role in controlling cell directionality. Instead it seems likely that other molecules, such as chemokines, lipid mediators, or other molecules, could be carried on cancer cell exosomes and drive cancer cell chemotaxis. Chemokinecontaining exosomes derived from heat-stressed tumor cells are known to be chemoattractant to dendritic cells. 40 Majumdar et al. 21 reported that exosomes secreted from neutrophils synthesize and carry the chemoattractant leukotriene B 4 (LTB4). This LTB4 on exosomes facilitates chemotaxis of neutrophils toward fMLP in both an autocrine and paracrine manner. Although we have not yet identified the exosome cargo that drives autocrine chemotaxis of HT1080 fibrosarcoma cells, our data are consistent with those previous findings and suggest that multiple exosome cargoes work together to facilitate different aspects of migration (See model in Fig. 4) . Future studies should elucidate those cargoes. We also expect that in other cancer cell types, other ECM cargoes might have a similar effect as FN, promoting cell speed but not chemotaxis. This is an important hypothesis to test for the future. Altogether, we conclude that autocrine secretion of exosomes is an essential contributory process to cell motility, promoting cell adhesion and directionality.
Methods

Cell culture and reagents
HT1080 cells were maintained in DMEM supplemented with 10% bovine growth serum (BGS, SH30541.03, HyClone). A lentiviral shRNA expression system, pLKO.1, was used to knockdown Rab27a (TRCN0000005296 and TRCN0000005297, Thermo Scientific) or scrambled control (Addgene). 6 FN was depleted from BGS using Gelatin SepharoseTM 4B (17-0956-01, GE Healthcare), as described previously. 41 To prepare exosome-depleted BGS for chemotaxis assays, BGS was ultracentrifuged at 100,000 x g overnight with a Ti45 fixed angle rotor (Beckman) and the supernatant was collected as exosome-depleted BGS. Anti-FN (610077, BD Biosciences, 1:1,000 dilution), anti-TSG101 (GTX70255, GeneTex, 1:500 dilution), anti-integrin a5 cytoplasmic tail (AB1928, Millipore, 1:5,000 dilution), and anti-CD63 (ab68418 for Western blotting, 1:500 dilution and ab8219 for Dot blotting, abcam, 1:500 dilution) were used. HRP-conjugated goat secondary antibodies (sc-2055 and sc-2054 for mouse and rabbit primary antibodies, respectively, 1:10,000 dilution) were from Santa Cruz Biotechnology. Blots were developed using a mix of Pierce TM ECL Western Blotting Substrate (32106, ThermoFisher Scientific) and SuperSignal TM West Femto Maximum Sensitivity Substrate (34905, ThermoFisher Scientific) and imaged using a ChemiDoc MP (Bio-Rad).
Isolation of exosomes
To collect conditioned media, 80% confluent cells were cultured for 48 h in Opti-MEM. Exosomes were isolated from conditioned media by serial centrifugation at 300 x g for 10 min, 2000 x g for 30 min, 10,000 x g for 30min (9300 rpm in Ti45 rotor), and 100,000 x g (30,000 rpm in Ti45 rotor) for overnight to respectively sediment live cells, dead cells and debris, MVs, and exosomes. For further purification of ultracentrifuged exosomes, a discontinuous iodixanol gradient was prepared.
42 40% (w/v), and ECM proteins including FN. 6 Exosome-carried cargoes, such as chemokines and/or growth factors, may provide positive feedback to promote directional sensing and migration toward chemoattractant in an autocrine manner. By contrast, exosomal ECM promotes cell speed. In a paracrine manner, exosome slime trails left behind migrating leader cells 6, 43 could promote chemotaxis of follower cells.
20% (w/v), 10% (w/v), and 5% (w/v) solutions of iodixanol were made by diluting OptiPrep TM (60% (w/v) aqueous iodixanol, 1114542, Axis-Shield PoC) with 0.25 M sucrose/10 mM Tris, pH 7.5 from the bottom to the top of a 14 £ 89 mm polyallomer tube. Ultracentrifugedexosomes were added on a top of the gradient and continuous gradient was made through ultracentrifugation at 100,000 x g (24,000 rpm in SW40 Ti rotor) for 18 h. 12 fractions were collected and each fraction was diluted in PBS. Each fraction was pelleted through another round of ultracentrifugation at 100,000 x g for 3 h, washed with PBS, and resuspended in PBS. Exosome presence in fraction #7 was confirmed by Western blotting and used for experiments. All Western blotting samples were lysed in 5x SDS sample buffer (250 mM TrisHCl, pH 6.8, 10% SDS, 50% glycerol, 0.05% bromophenol blue, 500 mM b-mercaptoethanol) Number and size distribution of exosomes was measured by nanoparticle tracking analysis with a NanoSight LM10 (Malvern). To deplete FN in exosomes, cells were cultured in DMEM supplemented with 10% FN-depleted BGS for 10 d before collecting conditioned medium for exosome isolation. 6 FN depletion from exosomes was confirmed by Western blotting using anti-FN antibody along with exosomal markers. Protein quantity was measured using Micro BCA Protein Assay Kit (23235, Thermo Scientific) after exosomes were lysed in 1% sodium dodecyl sulfate (final concentration).
Chemotaxis assay
Cell migration toward a gradient of exosome-depleted BGS was performed in m-Slide Chemotaxis 3D chambers (80326, ibidi). For coating experiments, the cell observation area of the chamber was coated with microvesicles, exosomes, or human plasma fibronectin (33016-015, Life Technologies) suspensions in PBS at 4 C overnight before washing and using. Trypsinized cells were loaded into the cell observation area and cultured in DMEM supplemented with 10% exosome-depleted BGS for 5 to 6 hours to allow attachment. Then, cells were washed with serumfree Leibovitz's L-15 (21083-027, Gibco). A gradient of exosome-depleted BGS was made by diluting exosomedepleted BGS in Leibovitz's L-15 to a final concentration of 10% in the left reservoir of the chamber whereas serum-free Leibovitz's L-15 was present in the right reservoir. For coating experiments, 6 ml of each coating reagent (MVs, regular and FN-depleted exosomes, and fibronectin) was loaded to the observation area of the chemotaxis chamber and incubated at 4 C for overnight. Before cells were loaded, the chamber was equilibrated to room temperature and the observation area was washed with DMEM 3 times according to the manufacturer's instructions. Time lapse images of migrating cells were captured at every 10 min for 12 h using a Nikon Eclipse TE2000E microscope equipped with a 37 C chamber. The nuclear position of each cell was tracked using ImageJ (Manual Tracking Plugins) and cell speed and forward migration index (FMI) were measured using the Chemotaxis and Migration Tool (ibidi). The formula of FMI is shown below modified from Instructions Chemotaxis and Migration Tool 2.0 (ibidi). Parallel distance was measured with distance of end points from start points of cell migration in the parallel direction.
(1)
Quantitation of exosome coating efficiency
To estimate the exosome coating efficiency, the exosome number/ml for 2 different concentrations of regular and FN-depleted exosomes (10 mg/ml and 50 mg/ml, diluted from al more concentrated stock) was quantitated by NanoSight LM10 before and after coating onto 96-well plates at 4 C for overnight. The percentage of exosome coating was calculated by n before ¡ n after À Á n before Ã 100 (2) where n before is the exosome number in 7 ml solution before incubation and n after is the exosome number in the collected solution after overnight incubation. The coating volume 7 ml was determined proportionally to the coating volume on the chemotaxis chamber (6 ml onto 0.27 cm 2 of coating area on the chemotaxis chamber vs. 7 ml onto 0.32 cm 2 of well area on the 96-well plate).
Dot blot analysis
Various concentrations of isolated exosomes were absorbed onto nitrocellulose membranes at room temperature for 30 min. The membranes were blocked with 5% non-fat milk in PBS in the absence or presence 0.1% (v/v) Tween-20 (PBST) at room temperature for 1 h. Anti-fibronectin, anti-integrin a5 cytoplasmic tail, and anti-CD63 extracellular loop antibodies were incubated on the membranes in PBS or PBST blocking buffer at 4 C overnight followed by HRP-conjugated secondary antibody incubation at room temperature for 1 h. Blots were imaged using a ChemiDoc MP (Bio-Rad).
Numbers and statistics
For quantitative data from experiments, the n values and independent experiment numbers are listed in the figure legends or on the figures. data sets were compared using Student t-test in Microsoft Excel software and plotted as meanC/-standard error in bar graphs or in scatter plots (FMI) using Microsoft Excel software.
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